Using 10 6 -atom molecular-dynamics simulations, we investigate dynamic fracture in nanophase Si 3 N 4 . The simulations reveal that intercluster regions are amorphous, and they deflect cracks and give rise to local crack branching. As a result, the nanophase system is able to sustain an orderof-magnitude larger external strain than crystalline Si 3 N 4 . We also determine the morphology of fracture surfaces: For in-plane fracture surface profiles the roughness exponent z 0.57 and for outof-plane profiles the exponents z Ќ 0.84 and z k 0.75 are in excellent agreement with experiments.
The observation of enhanced ductility in nanoclusterassembled (or nanophase) ceramics [1] has stimulated a great deal of research focused on properties and processes in these novel materials [2] . One of the challenging problems is to understand the role of microstructures in dynamic fracture in these solids. Nanophase materials are ideal systems to examine this issue at the atomistic level since microstructures in these materials are only a few nanometers in dimension.
In recent studies of fracture [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , two issues in particular have drawn a great deal of attention: (i) crack-front dynamics, and (ii) the morphology of crack fronts. Many experimental, theoretical, and numerical studies have shown that multiple crack branches sprout in the system as the crack front reaches a critical speed [3] [4] [5] . In some instances, it has also been observed that an increase in the external stress causes preexisting microvoids in the system to grow and coalesce until one of the pores percolates through the system [7, 8] . Regarding the morphology of crack fronts, experimental measurements on a variety of brittle and ductile solids have revealed self-affine behavior of fracture surfaces [9] [10] [11] [12] [13] [14] -the widths of fracture profiles scale with the lengths as w ϳ L z . For out-of-plane fracture profiles, the roughness exponent z Ќ , above a certain length scale, has a value of 0.8 in three and 0.7 in two spatial dimensions [12] . Many experiments indicate that these values of z Ќ may be independent of the material or the mode of fracture. (At small length scales, when the crack front propagates quasistatically, the roughness exponent has a smaller value ϳ0.5 [12] ). Recently it has also been pointed out [13] that there is another roughness exponent z k ͑ z Ќ ͞1.2͒ associated with out-of-plane fracture profiles and that the roughness exponent for in-plane fracture profiles is ϳ0.6 [10] . Using 1.08 3 10 6 particle molecular-dynamics (MD) simulations [15] we have investigated the structural and dynamic aspects of fracture in nanophase Si 3 N 4 . The effective interatomic potential we use includes [16] steric repulsion between atoms, screened Coulomb interaction due to charge transfer between Si and N, charge-dipole interaction which accounts for the large electronic polarizability of N atoms, and three body bond-bending and bond-stretching terms which take into account the covalent effects in Si 3 N 4 . The validity of this effective potential is established by comparing the MD results with various measurements-bond lengths and bond-angle distributions in the a-Si 3 N 4 crystal [16] , the static structure factor of amorphous Si 3 N 4 [17] , the phonon density of states [16] , the temperature dependence of the specific heat [18] , and the elastic moduli of the a crystal [19] . The MD results for these quantities are in good agreement with experimental measurements.
Nanophase Si 3 N 4 was generated by consolidating a random cluster configuration with the constant-pressure MD approach [20, 21] . Clusters were obtained as follows: First a spherical cluster containing 10 052 atoms was removed from crystalline a-Si 3 N 4 . After relaxing it with the conjugate-gradient approach [22] , the cluster was heated and thermalized [23] at 2 000 K with the microcanonical MD method. Taking 108 of these clusters in a 288.49 Å cubic box with periodic boundary conditions, the system was first well thermalized at zero pressure and 2000 K. (In the simulation reported here, initial positions and orientations of clusters were chosen randomly.) Subsequently an external pressure of 15 GPa was applied to consolidate it at 2000 K. The consolidated system was cooled to 300 K, and the external pressure was reduced to zero.
Snapshots in Figs. 1(a) and 1(b) show configurations of nanophase Si 3 N 4 before and after consolidation ͑mass density 2.94 g͞cm 3 ͒, respectively. The structure of the consolidated nanophase system is determined from various correlation functions. From partial radial distribution functions (RDF) we find (i) the Si-N bond length is 1.74 Å inside the nanoclusters and 1.67 Å in the intercluster or interfacial regions, (ii) for atoms inside the nanoclusters several peaks in the Si-N RDF are well defined whereas for atoms in interfacial regions only the first peak in the Si-N RDF is sharp (it is much smaller and broader than the first peak corresponding to the interior regions of nanoclusters), and (iii) the average Si FIG. 1(color). Cluster-assembled Si 3 N 4 (a) before consolidation and ( b) after consolidation. The latter has highly disordered intercluster regions in addition to crystalline interiors of nanoclusters and a few small pores. coordination is 3.96 inside the nanoclusters and 3.47 in the intercluster regions, which implies that half of the atoms in the interfacial regions are threefold and the rest are fourfold coordinated. We have also calculated Si-N-Si and N-Si-N bond-angle distributions for atoms inside the nanoclusters and in interfacial regions: The latter have much broader peaks than the distributions corresponding to the interior regions of nanoclusters. Thus structural correlations strongly suggest that interfacial regions are highly disordered. These regions also contain small isolated pores.
To study fracture in the consolidated nanophase system, periodic boundary conditions were removed and the system was relaxed with the conjugate-gradient approach [22] . Using the MD method the system was thermalized at room temperature and then subjected to an external strain by displacing atoms in the uppermost and lowermost layers (5.5 Å thick) normal to the x direction. Initially a tensile strain of 5% was applied [24] . After relaxing the system for several thousand time steps with the MD approach, a notch of length 25 Å was inserted in the y direction. Figure 2 shows snapshots of the crack front at various values of the external strain. These snapshots have been obtained by dividing the system into 4 Å cube voxels and then identifying connected clusters of empty voxels as pores. The crack front consists of pores connected to the notch (shown in magenta); the remaining disconnected pores are shown in red. Figure 2(a) shows a snapshot taken 10 ps after the notch is inserted. We observe initial development of the crack front and the growth of a few crack branches in the system. These local branches and nanoclusters tend to arrest the motion of the crack front, and further crack propagation is possible only if   FIG. 2(color) . Snapshots of the crack front (shown in magenta) along with large ͑.6.4 nm 3 ͒ isolated pores (shown in red ) in the strained nanophase system: (a) initial notch with crack branches and pores in the system under an applied strain of 5%, (b) the primary crack front and pores after the strain is increased to 11%, and (c) the primary and secondary crack fronts at 14% strain on the system. additional strain is applied. We increase the strain along x by displacing the same boundary-layer atoms by 1% and then we relax the system for 10 ps. Repeating this schedule, the strain on the nanophase system is increased until it fractures. Figure 2(b) shows a snapshot of the crack front in the nanophase system under 11% strain. Comparing with Fig. 2(a) , it is evident that the crack front has advanced significantly and coalesced with the pores in the center. We also observe that pores and interfacial regions allow the crack front to meander and form a branched structure. Figure 2(c) shows a crackfront snapshot 10 ps after the system was strained to 14%. At this time a secondary crack (top left hand corner) with several local branches merges with the primary crack. With further increase in the strain the secondary front advances toward the initial notch while the crack keeps growing laterally. When the strain reaches 30%, the crack finally separates the material into two disconnected parts and the system is completely fractured. Figure 3 shows a snapshot of the nanophase system just before it fractures. It should be noted that the critical strain (30%) at which the nanophase system fractures is enormous compared to what the crystalline Si 3 N 4 system can sustain (the crystal undergoes cleavage fracture at an applied strain of only 3%) [25] . This is due to (i) plastic deformation in interfacial regions, (ii) deflection and arrest of cracks by nanoclusters, and (iii) multiple crack branching. Because of this remarkable mechanical behavior, nanophase Si 3 N 4 is an excellent ceramic for applications under large external loads.
To compare the toughness of nanophase and crystalline systems, we have calculated the fracture energy per unit area in both nanophase and crystalline Si 3 N 4 systems (with the same geometry). The fracture energy has been estimated from stress-strain relation calculated in the MD simulations. Evidently the nanophase system is much tougher than the crystal: In the case of nanophase Si 3 N 4   FIG. 3(color) . Nanophase Si 3 N 4 just before it fractures under an applied strain of 30%. Evidently the crack front advances along disordered interfacial regions in the system.
We have also investigated the morphology of fracture surfaces in the nanophase Si 3 N 4 . In recent years, this aspect of fracture has drawn a great deal of attention both experimentally and theoretically [9] [10] [11] [12] [13] [14] . It is now well established that fracture surfaces are selfaffine, i.e., they remain invariant under the transformation ͑x, y, z͒ ! ͑ax, ay, a z z͒ where z is known as the roughness exponent. Various experiments on brittle as well as ductile materials have found that for the fracture profile x͑z͒ perpendicular to the direction of crack propagation ͑ y͒ the roughness exponent has a "universal" value (independent of material and mode of fracture) z Ќ ഠ 0.8 above a certain domain of length scales; at smaller length scales or for quasistatic crack propagation the roughness exponent is close to 0.5 [10] . Recently Schmittbuhl et al. [13] pointed out that the self-affine correlation length scales with the distance to the notch as j ϳ y 1͞1.2 . As a result, the roughness exponent z k for the out-of-plane fracture profile x͑ y͒ should be z Ќ ͞1.2 [10] .
To investigate the nature of self-affine fracture surfaces in the nanophase Si 3 N 4 , we calculate the heightheight correlation functions both in and out of the fracture plane y-z [see Fig. 4(a) ]. Figure 4(b) shows that the best fit to the out-of-plane height-height correlation function g xx ͑z͒ ͑, ͓x͑z 1 z 0 ͒ 2 x͑z 0 ͔͒ 2 . 1͞2 ͒ for the fracture profile x͑z͒ requires two roughness exponents: z Ќ 0.84 6 0.12 above a certain length scale (64 Å) and z Ќ 0.58 6 0.14 otherwise. Similar crossover was observed in MD simulations on amorphous Si 3 N 4 films where the roughness exponent was 0.44 and 0.82 below and above 25 Å [8] . In the films, cracks propagate through nucleation and coalescence of microcracks, and the two exponents are due to intramicrocrack and intermicrocrack propagations, respectively. In the nanophase Si 3 N 4 , multiple branching makes the morphology of fracture surfaces much richer. The inset in Fig. 4(b) shows the MD results for the other out-of-plane height-height correlation function g xx ͑ y͒. (These results are plotted beyond the length of the initial notch in the system.) In this case the best fit to the results gives a roughness exponent z k 0.75 6 0.08. The MD results for z Ќ and z k are very close to experimental values [10, 13, 14] . We have also determined the roughness exponent z for the inplane fracture profile y͑z͒: Figure 4(c) shows that the best fit to the corresponding height-height correlation function gives z 0.57 6 0.08. Measurements of z in Al-Li and Supera 2 Ti 3 Al-based alloys yield 0.60 6 0.04 and 0.54 6 0.03, respectively [10] .
In summary, large-scale MD simulations reveal that the nanophase Si 3 N 4 ceramic is much more ductile than the crystalline a-Si 3 N 4 system because of amorphous intercluster regions: They are responsible for crack-front meandering and multiple local crack branches. 
